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ABSTRACT: Multilayered epoxy/multiwalled carbon nanotube
(EP/MWCNT) composite foams with a density of 0.713 g/cm’
were prepared through the chemical foaming of laminated epoxy
sheets in a mold with a fixed cavity. The difference in cell
morphology and properties between adjacent layers in the multilayer
foams (two- and four-layer) was tuned by MWCNT or chemical
foaming agent (CFA) concentration. It was found that the storage
modulus and microwave-absorbing ability of the multilayered EP/
MWCNT foams were strongly associated with the loading direction,
the thermal diffusivity was slightly direction-dependent, and the
electromagnetic interference (EMI) shielding effectiveness (SE) was
direction-independent. In addition, as the layer number increased,
the mechanical, thermal, and electrical conductivity properties and
EMI shielding performances of the multilayered composite foams
showed different change tendencies. These results indicated that the effect of the multilayer structure on the properties of composite
foams was different when they underwent force, heat, or electromagnetic microwave, and the underlying reasons were investigated in
detail.
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1. INTRODUCTION

Conductive polymer composites (CPCs), which are prepared
by incorporating conductive fillers into a polymer matrix, have
attracted great interest as a potential substitute for metals
applied in the electronics industry due to their lightweight,

thickness of each layer can be freely tailored in this method,
but the discontinuous interface between adjacent layers brings
drawbacks to the application. On the contrary, first stacking
different sample sheets together by hot melt pressing or
multilayer coextrusion and then foaming these laminated

flexible, easy processing, and resistance to corrosion.' > As
compared with metal powders, carbon nanomaterials like
carbon nanotubes (CNTs) and graphene have outstanding
structural and electrical properties, and thereby have emerged
as an attractive option for conductive composite materials.”* ™"
Further, making these CPCs into a porous structure will bring
added advantages, including savings in materials and energy,
easier manipulation, and lower electrical percolation thresh-
old,*'® which is of great significance for electronic devices,
especially those used in aircraft, watercraft, and automobiles.

In contrast to the monolayer foams with a homogeneous
cellular structure, multilayered composite foams can be
designed to further improve the properties of the electro-
magnetic wave-absorbing and -soundproofing materials.'' ~'
Conventionally, the preparation of multilayered composite
foams involves the processes of stacking and foaming. Li et
al.'> fabricated multilayered thermoplastic polyurethane/
graphene (PUG) composites by stacking single-layered PUG
foams together, which was proved to be a facile approach to
enhance the microwave-absorbing property of PUG compo-
sites. The graphene concentration, cell morphology, and
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sheets is a feasible and convenient technology to obtain
multilayered foams with a continuous interface.'""*~"" For
example, Zhao et al.'* prepared a poly(ethylene-co-octene)
composite with a foam/film alternating multilayered structure
through a multilayered coextrusion system. They found that
the average cell size decreased and the sound absorption
efficiency of the multilayered foams increased with increasing
the layer number. Zhou et al.'® prepared poly-
(methylmethacrylate) (PMMA) foams with a multilayer cell
structure via the combination of melt hot pressing and physical
supercritical CO, foaming method. When the distance of the
multilayer interface was smaller than the critical nucleation size
of the cell, the PMMA foams with uniform, continuous, and
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Figure 1. Schematic of the fabrication of multilayered epoxy composite foams.

directional multilayer cell structure were obtained. However,
tuning the cell structure in each layer still remains challenging
in this literature, and thereby the effect of different cell
morphologies between adjacent layers on the properties of the
multilayered composite foams is scarcely reported.'

Considering that epoxy resin exhibits excellent properties,
including strong adhesion, good thermal and chemical stability,
and low toxicity, the application of epoxy resin for preparing
conductive composite foams has been extensively re-
ported."*™** For example, Fan et al.'® prepared highly
expansive epoxy/silver nanosheet (EP/AgNS) composite
foams through a batch foaming process with supercritical
CO,. Multiproperties including an electrical conductivity of
89.12 S/m, a specific electromagnetic interference (EMI)
shielding effectiveness (SE) of 334.59 dB-cm?/g, and a thermal
conductivity of 58.71 mW/m-K were achieved in the epoxy
composite foam with 20 wt % AgNS. Yang et al.”' prepared
epoxy/nickel-coated carbon fiber (EP/NCCF) conductive
foams via chemical foaming. The composite foams exhibited
a specific EMI SE of as high as 77.4 dB-cm?/ g in the X-band at
a density of 0.45 g/cm® by adding 5.03 vol % of NCCFs.
However, epoxy-based conductive foams with alternating
multilayer cell structures have not been reported yet.

In this study, microcellular epoxy/multiwalled carbon
nanotube (EP/MWCNT) composite foams with alternating
layer structures were prepared through the combination of
multilayer powder pressing and chemical foaming technology.
We investigated the foaming behavior of the two- and four-
layer composite foams with different contents of MWCNT or
the chemical foaming agent (CFA) in the adjacent layers and
attempted to correlate the multilayer structure with the
mechanical, electromagnetic interference shielding, and electri-
cally and thermally conductive properties.

2. EXPERIMENTAL SECTION

2.1. Materials. Diglycidyl ether of bisphenol-A epoxy resin
(DGEBA, epoxy value = 0.51 mol/100 g), hardener methyl-
5,6-dihydro-4H-isobenzofuran-1,3-dione (MeTHPA), and
2,4,6-tris(dimethylaminomethyl)phenol (DMP-30) used as
curing aids were supplied by Shanghai Resin Company,
China. Multiwalled carbon nanotubes (MWCNTSs, carbon

33011

purity >99%) with a diameter of 10—30 nm and an average
length of 10—30 pm were supplied by Chengdu Organic
Chemicals Institute, Chinese Academy of Sciences. The
chemical foaming agent (CFA) was 3,7-dinitroso-1,3,5,7-
tetraazobicyclo-nonane, which was purchased from Guangzhou
Longsun Technology Company, China.

2.2. Sample Preparation. Epoxy powder was prepared
according to the literature.”* Briefly, epoxy resin and a
stoichiometric amount of MeTHPA were mixed well, and
thereafter the mixture was thoroughly stirred at 85 °C for
precuring. When the torque of the mixture reached 0.04 dN'm,
it was quickly cooled to room temperature, and then the brittle
monolith was crushed into powder.

The fabrication of multilayered epoxy nanocomposite foams
is illustrated in Figure 1. First, the MWCNTs (0.5 or 2 wt %
epoxy powder) and CFA (0.5 or 1.5 wt % epoxy powder) were
mixed with the epoxy powder in a ball-milling apparatus at a
speed of 600 rpm for 4 min to obtain different hybrid powders.
Second, two different hybrid powders were compressed layer
by layer through a tablet machine under 10 MPa at room
temperature, and thereafter the tablets (diameter = 35 mm)
with alternating layer structures were obtained. The weight of
each layer in a laminated sheet was the same, and the total
weight of the tablets was fixed at 2.8 g, irrespective of the layer
number. Third, these tablets were loaded in a preheated mold
with a fixed cavity of 35.5 mm X 4 mm (diameter and height,
respectively), foamed at 110 °C for 3 h, and postcured at 150
°C for 2 h and 220 °C for 2 h, respectively. Since the cavity of
the mold was smaller than the volume of the tablet foamed in
free space, the growth of bubbles was restricted before the
growth ended. Therefore, the density of all of the composite
foams in this study was about 0.713 g/cm’ due to the fixed
weight of tablets and foaming space. Two kinds of multilayered
composite foams were prepared and named EP/CNT-0.5/2
and EP/CFA-0.5/1.5, respectively. The adjacent layer in the
EP/CNT-0.5/2 foam contained 0.5 and 2 wt % MWCNT,
respectively, while that in the EP/CFA-0.5/1.5 foam contained
0.5 and 1.5 wt % CFA. The CFA content in the EP/CNT-0.5/
2 foam was fixed at 0.5 wt %, while the MWCNT content in
the EP/CFA-0.5/1.5 foam was fixed at 2 wt %.
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Figure 2. SEM micrographs of monolayer epoxy foams. The CFA content of samples (a, b) was 0.5 wt % and the MWCNT content of sample (c)

was 2 wt %.

2.3. Characterization. 2.3.1. Morphological Analysis. A
field emission scanning electron microscope (SEM, FEI),
QUANTA FEG 250, was used to observe the microstructures
of the epoxy composite foams. Fractured surfaces were sputter-
coated with gold for SEM observation. The cell size and cell
density were obtained by image analysis using software Image-
Pro. The cell density (IN;) was determined by the number of
cells per unit volume of foam, which was calculated using eq 1

M)
N. = n_ _s
' [A] [pf] (1)

where n, M, and A are the number of cells in the micrograph,
the magnification of the micrograph, and the area of the
micrograph (cm?), respectively. The densities of solid (p,) and
foamed (p;) samples were evaluated via a water-displacement
method (ASTM D792).

2.3.2. Thermal Analysis. The thermal diffusivity () of the
composite foams was determined by the laser method using an
LFA-467 (NETZSCH, Germany) at 20 °C. The dimensions of
the samples were 25 mm X 4 mm (diameter and height,
respectively). Three measurements were taken for each sample
to obtain statistical data.

2.3.3. Compression Testing. Compressive tests according to
the ISO 604:2002 standard were made in a universal testing
machine (Shenzhen SANA, China) with a crosshead speed of 1
mm/min. Specimen dimensions for compressive testing were
10 mm X 10 mm X 4 mm. The compressive loading direction
was horizontal to the interface between adjacent layers. All
measurements were repeated at least five times, and the
average values were reported.

2.3.4. Dynamic Mechanical Analysis. Dynamic mechanical
analysis (Q500, TA) of epoxy composite foams was performed
using a three-point bending configuration with a span distance
of 20 mm and an oscillation frequency of 1 Hz. Specimen
dimensions were 30 mm X 10 mm X 4 mm. A multistrain
sweep mode was adopted. The amplitude range was 1—25 um,
and the measured temperature was fixed at 30 °C

2.3.5. Electrical Conductivity Measurement. The square
resistance of the outside layer of EP/MWCNT foams was
measured by a four-point-probe instrument (FT331, China).
When the square resistance of composite foams was higher
than 2 X 10° Q/[] (limit value), the surface resistivity instead
of square resistance was measured by a super megohm meter
(SM7110, Hioki, Japan). The diameter of the samples was 35.5
mm. Three measurements were taken for each sample to
obtain statistical data.

2.3.6. EMI Shielding Measurement. The EMI shielding
effectiveness (EMI SE) was determined using an Agilent

NS234A vector network analyzer in the frequency range of
8.2—12.4 GHz (X-band). The dimensions of the rectangular
samples were 22 X 10.5 X 4 mm?®. The scattering parameters
(S11, S1) were recorded to calculate the reflected power (R),
transmitted power (T), total EMI SE (SE;), microwave
reflection (SER), and microwave absorption (SE,) based on

eqs 2—5.>% 2
R=18,* T=1s," (2)
SEy = Img(;)
1-R (3)
SE; = SE; + SE, ()

3. RESULTS AND DISCUSSION

3.1. Cell Morphology. Figure 2 shows the morphology of
the monolayer EP/MWCNT foams with different MWCNT or
CFA contents. Closed cellular structures were observed in all
of the composite foams, and the cell morphology was affected
by both MWCNT and CFA contents (Figure 5). On the one
hand, EP/MWCNT foams loaded with 0.5 wt % MWCNT had
an average cell diameter of 26.54 ym and a cell density of 5.63
X 107 cells/cm®. With increasing the MWCNT content to 2.0
wt %, the average cell size decreased to 24.20 um and the cell
density increased to 8.17 X 107 cells/cm®. This result can be
attributed to the well-known heterogeneous nucleation effect
of nanoparticles."””* Due to the lower activation energy barrier
for nucleation, cell nucleation readily took place in the
boundary between the epoxy matrix and the MWCNTs, and
then small bubbles appeared. A higher MWCNT content
provided more nucleating sites, which was beneficial to the
improvement of cell morphology. In addition, the viscoelas-
ticity of the composites could increase with the increased
MWCNT content, which facilitated cell stability to obtain
small bubbles.”® On the other hand, when the CFA content
increased from 0.5 to 1.5 wt %, the cell size decreased from
24.20 to 21.06 pm and the cell density increased from 8.17 X
107 to 1.33 X 10° cells/cm® (Figure 2b,c). This observation
was due to the fact that the foaming process was conducted in
a limited space. When the mold was completely filled with the
foaming material, cell growth was restricted and arrested
during foaming, leading to a short growth time of bubbles. 24,27
Short growth time, in turn, reduced the coalescence and
rupture of bubbles. An increase in the CFA content led to
increased cell nucleation and a fast expansion rate of samples,
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Figure 3. Typical SEM micrographs of the two-layer composite foam (EP/CNT-0.5/2): (a) whole fractured surface, (b, e) layer with 2 wt %
MWCNT, (¢, f) interface between layers, and (d, g) layer with 0.5 wt % MWCNT.

Figure 4. Typical SEM micrographs of four-layer epoxy foams (EP/CFA-0.5/1.5): (a) whole fractured surface, (b) layer with 0.5 wt % CFA, (c)

layer with 1.5 wt % CFA, and (d) interface between layers.

thus shortening the growth time of bubbles and then resulting
in a smaller cell size.

Two kinds of hybrid powders loaded with 0.5 and 2.0 wt %
MWCNT were compressed layer by layer to prepare two- and
four-layer composites. Figure 3 shows the representative SEM
images (two-layer) of the resulting laminated epoxy foams.
The cell morphology parameters, including cell size and cell
density, are presented in Figure Sa. The cell size in the top
layer containing 2 wt % MWCNT was smaller than that in the
bottom layer with 0.5 wt % MWCNT, and the cell density in
the top layer was higher (Figure 3a—d). As shown in Figure Sa,
the cell morphology of each layer in two- and four-layer
composite foams corresponded with the structure of the

monolayer foams, indicating that the foaming behavior was not
affected by the multilayer structure. This result was attributed
to the relatively large layer thickness. If the layer thickness
further decreased, the cell size of multilayered foams could
decrease.''® The interface between these two layers can be
hardly distinguished from the low-magnification SEM picture
(Figure 3a) but it can be clearly distinguished from the high-
magnification SEM picture due to the difference in the
MWCNT content (Figure 3e—g). Lots of agglomerated
MWCNTs in the upper layer constructed the conductive
networks within the epoxy matrix (Figure 3e), while few
isolated nanotubes or MWCNT agglomerates dispersed in the
matrix were observed in the bottom layer (Figure 3g). The
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blue dashed line in Figure 3a represents the interface of the resulting laminated epoxy foams are shown in Figure 4. The
laminated composite foam. It can be found that the thickness cell morphology parameters are presented in Figure Sb. A
of each layer in the two-layer foam was the same, indicating the larger cell size and a higher cell density were observed in the
same density of each layer. The same observation was also layers with 1.5 wt % CFA (Figure 4a,c) in contrast to the layers
found in the four-layer foams. Moreover, the interface of the with 0.5 wt % CFA (Figure 4a,b), which was different from the
two-layer foam was continuous after curing (Figure 3f), observation of corresponding monolayer foams (Figure 3b,c).
indicating strong interface bonding strength. This result was due to the difference in the expansion rate
Two kinds of hybrid powders loaded with 0.5 and 1.5 wt % between layers with different CFA contents. A higher CFA
CFA were compressed layer by layer to prepare two- and four- content produced more gas and then led to a larger volume
layer composites. The typical SEM images (four-layer) of the expansion of the corresponding layer, thus squeezing the
33014 https://doi.org/10.1021/acsomega.2c02710
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Figure 7. (a) Thermal diffusivity and (b) electrically conductive properties of different foams.

foaming space of the layer with lower CFA content in a
laminated sample. Therefore, the layers with higher CFA
content in the multilayered composite foams presented larger
cell size, higher cell density, and wider layer thickness. As
inferred from Figure 4a, the thickness of the layers with 1.5 wt
% CFA was about 1.5 times thicker than that of the layers with
0.5 wt % CFA. It meant that the density of the layers with 1.5
wt % CFA was 1.5 times lower than that of the layers with 0.5
wt % CFA. Combined with the density value of multilayered
foams (0.713 g/cm?), it can be calculated that the density of
layers with 0.5 and 1.5 wt % CFA was 0.891 and 0.594 g/cms,
respectively. The same observation was also found in the two-
layer foams. In addition, a continuous interface with perfect
bonding between adjacent layers was clearly distinguished from
the SEM pictures (Figure 4a,d).

3.2. Compressive and Dynamic Mechanical Proper-
ties. The storage modulus of different epoxy foams as a
function of strain at 30 °C is shown in Figure 6a,b. The storage
modulus is an important parameter reflecting the stiffness of
materials. It can be seen that the storage modulus increased
first and then gradually leveled off with increasing the strain.
Monolayer composite foams loaded with 2 wt % MWCNT had
a higher storage modulus value compared with composite
foams containing 0.5 wt % MWCNT (Figure 6a), indicating
higher stiffness of the composite foams with higher MWCNT
content. This result can be attributed to the strengthening
effect of MWCNT.”® However, for the multilayered composite
foams (EP/CNT-0.5/2), the storage modulus was extremely
dependent on the loading direction, which was due to the
significant difference between outside layers of the same
sample. When the layer with 2 wt % MWCNT was far away
from the stress surface (bottom), the storage modulus value of
the multilayered foams was between that of the corresponding
two kinds of monolayer foams, which was in agreement with
the mixture rule of two-phase composite. In contrast, when the
layer with 2 wt % MWCNT was close to the stress surface
(top), the storage modulus value of the multilayered foams was
even lower than that of the monolayer foams containing 0.5 wt
% MWCNT. As is known, during flexure, the bubbles in the
composite foams beneath the loading cell will undergo local
compression, whereas the bubbles on the opposite side will
tend to stretch.””’® The results inferred from Figure 6a
indicated that the tensile side was under a relatively large load,
and thereby the multilayered composite foams exhibit a high
stiffness when the layer with high stiffness was placed on the
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tensile side. In addition, the layer number had an important
influence on the storage modulus of multilayered composite
foams only when the layer with low stiffness was placed on the
tensile side. In this case, the storage modulus of the four-layer
composite foam was lower than that of the two-layer foam.
This situation can be related to the decreased thickness of the
layer, which further reduced the stiffness of the weaker layer on
the tensile side. As shown in Figure 6b, the storage modulus of
multilayered composite foams with different CFA contents
(EP/CFA-0.5/1.5) exhibited a similar tendency, that was, the
multilayered foams presented a high storage modulus when the
layer containing 0.5 wt % CFA was placed on the tensile side
(bottom). It should be noted that the layer with 0.5 wt % CFA,
in contrast to the layer with 1.5 wt % CFA, exhibited a higher
storage modulus due to the smaller cell size and higher
density.”*

Because of the difference in properties between adjacent
layers, the multilayered composite foams showed different
storage modulus values at different loading directions when the
loading direction was vertical to the interface. When the
loading direction was horizontal to the interface, the
compressive properties of different epoxy foams were
investigated, as shown in Figure 6c. The compressive yield
strength and the modulus of the monolayer composite foam
with 0.5 wt % CNT were 32.75 and 749.73 MPa, respectively,
while those of the monolayer foam with 2 wt % CNT increased
to 34.04 and 806.26 MPa, respectively. For the multilayered
composite foams (EP/CNT-0.5/2), the compressive strength
and modulus of four-layer foams were slightly higher than
those of two-layer foams, and their compressive properties
were close to those of the monolayer composite foam with 2
wt % MWCNT. This result indicated that layers with high
compressive properties can act as the framework material to
endow multilayered foams with excellent compressive proper-
ties. On the other hand, the compressive strength and the
modulus of both two-layer and four-layer foams (EP/CFA-0.5/
1.5) were about 36.5 and 823 MPa, respectively, which were
mildly higher than those of the monolayer composite foam
with 0.5 wt % CFA. This was because the layer with 0.5 wt %
CFA in the multilayered foams, in contrast to the
corresponding monolayer foam, must have higher compressive
properties due to its higher density.'®*** Figure 6d shows the
typical compressive stress—strain curves of two-layer compo-
site foams. Although bubbles are seriously distorted at a strain
of 45%, the intact interface without delamination and smooth
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Figure 8. EMI SE;, SEg, and SE, of composite foams with different (a—c) CNT contents and (d—f) CFA contents.

stress—strain curves are shown in Figure 6d, which illustrates
the strong interface bonding strength between layers. The
strong interface bonding strength, in turn, significantly
enhanced the load-bearing capacity of the multilayered
composite foam, even though the loading direction was
horizontal to the interface.

3.3. Electrically and Thermally Conductive Proper-
ties. Figure 7a shows the thermal diffusivity of different
composite foams. As the MWCNT content increased from 0.5
to 2 wt %, the thermal diffusivity of monolayer foams increased
from 0.123 to 0.147 mm?/s, which was attributed to the
superhigh thermal conductive properties of MWCNT.*"!
When the CFA content increased to 1.5 wt %, the thermal
diffusivity of monolayer foams slightly decreased to 0.144
mm?/s, which was due to the decreased cell size. For
multilayered composite foams (EP/CNT-0.5/2), the thermal
diffusivity of multilayered composite foams was between that
of the corresponding monolayer foams, satisfying the mixture
rule. However, the thermal diffusivity of the multilayered EP/
CFA-0.5/1.5 foam was even higher than that of the monolayer
foams, and the maximum value reached up to 0.158 mm?/s.
This result was due to the presence of a high-density layer with
0.5 wt % CFA (0.891 g/cm®) in the EP/CFA-0.5/1.5 foam. A
high density could enhance the solid-phase thermal conduction
of the composite foam™ and thus increase the thermal
conductive property of multilayered composite foams. In
addition, the thermal diffusivity of multilayered foams
increased with the increase in the layer number, resulting in
the thermal diffusivity of multilayered foams shifting near to
that of the layer with higher thermal diffusivity. This result can
possibly be related to the decreased interface spacing between
layers with high thermal diffusivity. When the layer with high
thermal diffusivity (layer containing 2 wt % CNT and 0.5%
CFA) suffered from heat first, the thermal diffusivity of
multilayered composite foams was relatively higher, indicating
that the thermally conductive pathway had an influence on the
thermal conductive properties.
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The electrically conductive properties of the composite
foams are shown in Figure 7b. For composite foams with
different MWCNT contents, with the layer number increased,
the surface resistivity of the layer containing 0.5 wt %
MWCNT increased, and simultaneously the square resistance
of the layer with 2 wt % MWCNT also increased. As previously
reported,”* the limited-foaming process led to an increase in
the electrical resistance of the epoxy foam in comparison with
the free-foaming process, which can be attributed to the fact
that the short growth time of bubbles reduced the time for
MWCNTs to redistribute, and the straining molecular chains
hindered the movement of MWCNTs to reconstruct the
interconnections between MWCNTs. As a result, as the layer
number increased, the layer thickness reduced, and thus the
degree of restriction during foaming increased. The increased
degree of restriction, in turn, further hindered the movement
of MWCNT, consequently increasing the electrical resistance
of each layer in the multilayered composite foams. However,
compared with composite foams containing different
MWCNT contents, the change in the square resistance for
composite foams containing different CFA contents was
different, that was, the square resistance of the layer with 0.5
wt % CFA reduced first and then increased as the layer number
increased from one to four. The decreased process of square
resistance was attributed to the increased density of this
layer.”***** In addition, in contrast to the extremely different
electrically conductive properties between adjacent layers in
EP/CNT-0.5/2 foams, the difference in square resistance
between adjacent layers in EP/CFA-0.5/1.5 foams can be even
ignored. This was because the difference in electrical resistance
between adjacent layers in EP/CNT-0.5/2 foams was induced
by the cell morphology, while that in EP/CFA-0.5/1.5 foams
was mainly induced by the MWCNT content.

When the MWCNT content increased from 0.5 to 2 wt %,
the electrically conductive properties of composite foams
increased significantly, whereas the thermal diftusivity only
mildly increased. This result was attributed to the different
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mechanisms of electrical conduction and thermal conduc-
tion.”®***> The electrical conduction was mainly contributed
by electron transport along the conductive pathway. When 2
wt % MWCNT was added, a perfect CNT network in the
epoxy matrix was formed, and thus the composite foam with
excellent electrical properties was obtained. However, although
the MWCNT had a superhigh thermal conductivity (~3000
W/m-K), the composite foam with 2 wt % MWCNT still
exhibited a low thermal diffusivity. This result was ascribed to
the fact that the thermal conduction relied on phonon
propagation among the composite. Due to the different
phonon spectra between the MWCNT and the polymer, a
high interfacial thermal resistance between the CNT—polymer
caused stron§ phonon scattering, leading to poor thermal
conduction.***

3.4. EMI Shielding Properties. The EMI shielding
effectiveness (SE) of these two series of composite foams
over the X-band frequency range (8.2—12.4 GHz) is measured,
and the results are shown in Figure 8. As indicated in Figure
8a,d, the total EMI SE (SE;) of all composite foams was
relatively frequency-dependent and decreased gradually with
increasing frequency. The average SEr values of the two-layer
and four-layer composite foams (EP/CNT-0.5/2) were about
7.2 and 7.9 dB, respectively, which were between those of the
corresponding monolayer composite foams with different
MWCNT contents (Figure 8a). The larger impedance
mismatch between adjacent layers could improve the multiple
interfacial reflection of electromagnetic microwave (EMW),
thus making the re-reflected waves get absorbed or dissipated
in the form of heat within the porous material and resulting in
a great enhancement in the absorption or dissipation of EMW
in the layer with high electrical conductivity.'"*> As a result,
the increased number of interfaces led to a higher SE; of four-
layer foams. On the contrary, as shown in Figure 8d, the
average SE value of the two-layer composite foams (EP/CFA-
0.5/1.5) was about 10.1 dB, which was higher than that of the
four-layer foams (8.9 dB). This result can be attributed to two
factors: (a) the increased electrical resistance of four-layer
foams decreased EMW attenuation due to the reduced
conductive loss.””* (b) The poor impedance mismatch
between adjacent layers weakened the interfacial reflection of
EMW.

The SE; of multilayered composite foams was not affected
by the direction of the incident EMW. However, the SE; and
SE, of the multilayered foams were quite different at different
incident EMW directions. For a certain multilayered foam
(EP/CNT-0.5/2), the SEg was lower, whereas the SE, was
higher when the incident EMW first encountered the layer
with 0.5 wt % MWCNT (Figure 8b,c). Similarly, when the
incident EMW first encountered the layer containing 1.5 wt %
CFA, the multilayered composite foam (EP/CFA-0.5/1.5)
presented a lower SEg but a higher SE, (Figure 8ef). These
results indicated that the multilayered foams presented a
stronger microwave-absorbing ability when the outside layer
with lower electrical conductivity first faced the incident EMW,
which was in agreement with the results of previous studies.'”
This situation was mainly due to the laminated structure,
which reduced the microwave reflectivity in the front layer
while simultaneously improving the microwave loss in the back
layer with high electrical conductivity.'"'***> However, the
difference in SEy or SE, caused by the direction of incident
EMW largely narrowed as the layer number increased from
two to four, indicating that the anisotropy of the composite

foams with the alternating layer structure could be weakened
by increasing the layer number. In addition, as shown in Figure
8f, the four-layer composite foams (EP/CFA-0.5/1.5)
exhibited a lower SE, in comparison with the two-layer
foams. It meant that the increase in the interfacial number did
not always enhance the absorption of EMW for the
multilayered foams, although the cell morphology and density
between adjacent layers were extremely different.

4. CONCLUSIONS

In this work, microcellular epoxy/multiwalled carbon nanotube
(EP/MWCNT) composite foams with an alternating layer
structure were prepared through the combination of multilayer
powder pressing and chemical foaming technology. The same
density and layer thickness but different cell morphologies and
electrical conductivities between adjacent layers in the
multilayer foams (two- and four-layer) were found when the
adjacent layers were loaded with 0.5 and 2 wt % MWCNT,
respectively. Similar electrical conductivity but different cell
morphologies, densities, and layer thicknesses between
adjacent layers in the multilayer foams were obtained when
the adjacent layers were added 0.5 and 1.5 wt % CFA,
respectively. For these two series of multilayered composite
foams with different structures, the effect of the layer number
and the loading direction on the compressive properties,
storage modulus, and thermal diffusivity showed a similar
tendency, while the change in electromagnetic interference
shielding properties was different. This work provides a
valuable guide for designing the microstructures between
adjacent layers for different applications.
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